The study was undertaken to examine the potential cross talk between vasopressin and angiotensin II (ANG II) intracellular signaling pathways. We investigated in vivo and in vitro whether vasopressin-induced water reabsorption could be attenuated by ANG II AT1 receptor blockade (losartan). On a low-sodium diet (0.5 meq/day) dDAVP-treated animals with or without losartan exhibited comparable renal function [creatinine clearance 1.2 Ϯ 0.1 in dDAVPϩlosartan (LSDL) vs. 1.1 Ϯ 0.1 ml·100 g Ϫ1 ·day Ϫ1 in dDAVP alone (LSD), P Ͼ 0.05] and renal blood flow (6.3 Ϯ 0.5 in LSDL vs. 6.8 Ϯ 0.5 ml/min in LSD, P Ͼ 0.05). The urine output, however, was significantly increased in LSDL (2.5 Ϯ 0.2 vs. 1.8 Ϯ 0.2 ml·100 g Ϫ1 ·day Ϫ1 , P Ͻ 0.05) in association with decreased urine osmolality (2,600 Ϯ 83 vs. 3,256 Ϯ 110 mosmol/kgH 2O, P Ͻ 0.001) compared with rats in LSD. Immunoblotting revealed significantly decreased expression of medullary AQP2 (146 Ϯ 6 vs. 176 Ϯ 10% in LSD, P Ͻ 0.01), p-AQP2 (177 Ϯ 13 vs. 214 Ϯ 12% in LSD, P Ͻ 0.05), and AQP3 (134 Ϯ 14 vs. 177 Ϯ 11% in LSD, P Ͻ 0.05) in LSDL compared with LSD. The expressions of AQP1, the ␣ 1-and ␥-subunits of Na-K-ATPase, and the Na-K-2Cl cotransporter were not different among groups. In vitro studies showed that ANG II or dDAVP treatment was associated with increased AQP2 expression and cAMP levels, which were potentiated by cotreatment with ANG II and dDAVP and were inhibited by AT1 blockade. In conclusion, ANG II AT1 receptor blockade in dDAVPtreated rats on a low-salt diet was associated with decreased urine concentration and decreased inner medullary AQP2, p-AQP2, and AQP3 expression, suggesting that AT1 receptor activation plays a significant role in regulating aquaporin expression and modulating urine concentration in vivo. Studies in collecting duct cells were confirmatory.
aquaporin; urine concentration; cAMP THERE IS SUBSTANTIAL EVIDENCE that arterial underfilling, either due to decreased cardiac output, e.g., heart failure, or systemic arterial vasodilation, e.g., cirrhosis, is associated with activation of the neurohumoral axis, including the sympathetic nervous system, the renin-angiotensin system, and arginine vasopressin (AVP) (22, 23) . This neurohumoral response involves compensatory systemic vasoconstriction and renal sodium and water retention to attenuate the arterial underfilling.
Much is known about the systemic effects of these components of neurohormonal activation by the use of angiotensinconverting enzyme inhibitors, angiotensin receptor blockers, mineralocorticoid antagonists, and most recently vasopressin receptor antagonists (22, 24, 25) . However, little is known about any potential interaction or cross talk between AVP and angiotensin II (ANG II) at the cellular and molecular level in the kidney.
In the collecting duct, AVP binds to the vasopressin V2 receptor on the basolateral membrane of the principal cells, increasing the intracellular levels of cAMP via adenylyl cyclase and thereby activating protein kinase A, which phosphorylates aquaporin-2 (AQP2) with translocation of the water channel from intracellular vesicles to the apical plasma membrane (3, 7, 8, 19, 20) . This results in increased osmotic water permeability and urinary concentration. Vasopressin-induced increased intracellular cAMP is also capable of stimulating AQP2 gene transcription (12, 18) , which results in increased AQP2 protein abundance in long-term regulation.
On this background, there is preliminary evidence suggesting a potential relationship between ANG II and AVP in the kidney. ANG II has been shown to stimulate the vasopressin V2 receptor messenger RNA in the inner medullary collecting duct (30) and potentiates AVP-dependent cAMP in Chinese hamster ovary cells transfected with AT1a and V2 receptors (13) . The ANG II receptor (AT1) blocker losartan has been shown to decrease AVP-mediated cAMP accumulation in the thick ascending limbs and normalize increased Na-K-2Cl cotransporter (NKCC2) in rats with chronic congestive heart failure (27) . Rat inner medullary collecting duct cells treated with ANG II and dDAVP demonstrated increased cAMP concentrations and increased AQP2 labeling in the plasma membrane (i.e., trafficking) (17) compared with dDAVP treatment alone, but this study could not provide information about the effect of ANG II, in the presence or absence of dDAVP, on AQP2 protein expression, including the role of cAMP. In vivo and in vitro studies have not been performed to examine the interrelationship of AVP and ANG II with in AQP2 trafficking and long-term protein expression.
Studies were therefore undertaken to examine the interrelationships between AVP and ANG II in AQP2 trafficking and protein expression in the collecting duct. In the present study, a rat model of moderate sodium restriction allowed for the in vivo examination of the relationship between AVP and ANG II in aquaporin and urinary concentration in the absence of evidence for acute renal dysfunction. In vitro studies were also performed on collecting duct cells to further examine this potential interaction.
MATERIALS AND METHODS
Experimental animals. The study protocol was approved by the University of Colorado Institutional Animal Care and Use Committee. Male Wistar rats (180 -220 g body wt) were allowed to acclimate to Denver, CO, altitude (1,500 m) for 4 days before the experimental protocols. All animals were acclimatized to metabolic cages for a continuous 2-day period before initiation of the study. The animals were housed individually in metabolic cages for the entire experimental period and exposed to a 12:12-h light-dark cycle and a constant ambient temperature. Body weight, daily water intake, urinary volume, and food intake were monitored.
Rats were divided randomly into three low-sodium study groups: low-sodium diet only (to induce high plasma endogenous ANG II levels; LS, n ϭ 12); dDAVP treatment (LSD; n ϭ 9); and combination treatment with dDAVP and AT1 receptor antagonist losartan (LSDL; n ϭ 12). Rats from the three groups received an agar gel diet to provide 25 ml water and 15 g of nominally NaCl-free purified rodent chow (product 53140000, Zeigler Bros., Gardner, PA) with the addition of 0.5 meq NaCl/day for a 4-day equilibration. The choice of the daily dietary sodium intake was chosen because lower intake of NaCl compromised renal function when combined with angiotensin receptor blocker treatment (28) . For the LSD group, under anesthesia osmotic minipumps (model 1003D; Alzet, Palo Alto, CA) were implanted subcutaneously in rats to deliver 20 ng/h of dDAVP for another 2 days. For LSDL rats, both dDAVP (20 ng/h) and losartan (20 mg·kg Ϫ1 ·day Ϫ1 ) were given subcutaneously by implanting osmotic minipumps (model 1003D; Alzet) for another 2 days (the losartan dose has been shown to be sufficient to block the rise in blood pressure resulting from long-term infusion of ANG II) (28) . Rats in the LS group were given vehicle infusion alone ( Fig. 1) .
At the end of the experiment, all rats were anesthetized with pentobarbital sodium and blood samples were collected from the aorta for measurement of serum electrolytes, osmolality, creatinine, and blood urea nitrogen concentrations. For each animal, one kidney was rapidly removed and dissected into cortex/outer medulla and inner medulla and was processed for membrane fractionation and semiquantitative immunoblotting.
Measurement of renal blood flow and mean arterial pressure. Mean arterial pressure (MAP) was measured via a carotid artery catheter connected to a Transpac IV transducer and monitored continuously using Windaq Waveform recording software (Dataq Instruments, Akron, OH). For renal blood flow (RBF) measurement, the kidney was exposed by a left subcostal incision and was dissected free from perirenal tissue, and renal arteries were isolated for the determination using a blood flowmeter and probe (0.5v; Transonic Systems, Ithaca, NY).
Biochemical measurements. Serum and urinary osmolality were measured by freezing-point depression (Advanced Instruments, Norwood, MA). Serum and urinary creatinine were measured (Beckman Instruments, Fullerton, CA). Creatinine clearance at 24 h was used as an estimate of glomerular filtration rate. Serum Na ϩ concentration were measured by flame photometry.
Antibodies. Antibodies to AQP2 (19) , AQP2 phosphorylated at the protein kinase A phosphorylation consensus site [Ser256; phosphorylated AQP2 (p-AQP2), kindly provided by Dr. Søren Nielsen, University of Aarhus, Aarhus, Denmark] (3), AQP3 (4), and NKCC2 (5) have been previously characterized. Anti-Na-K-ATPase ␣ 1-subunit antibody was obtained from Upstate Biotechnology (Lake Placid, NY). Anti-Na-K-ATPase ␥-subunit antibody was a kind gift from Dr. Tomas Berl (UC Denver, Aurora, CO). Anti-AQP1 antibody was obtained from Chemicon International (Temecula, CA).
Protein isolation. Kidneys were placed in ice-cold isolation solution containing 250 mM sucrose, 25 mM imidazole, and 1 mM EDTA (pH 7.2) with 0.1 vol% protease inhibitors (0.7 g/ml pepstatin, 0.5 g/ml leupeptin, and 1 g/ml aprotinin) and 200 M phenylmethylsulfonyl fluoride. As noted above, kidneys were dissected on ice into cortex/outer medulla and inner medulla. Tissue samples were immediately homogenized in a glass homogenizer at 4°C. After homogenization, protein concentration was determined for each sample by the Bradford method (Bio-Rad, Richmond, CA). Tissue protein was utilized for immunoblotting for AQP water channels and Na ϩ transporters.
Western blot analysis. SDS-PAGE was performed on 4 -15% gradient gels (for NKCC2), 10% (for ␥-subunit Na-K-ATPase), and 12% acrylamide gels. After transfer by electroelution to polyvinylidene difluoride membranes (Millipore, Bedford, MA), the blots were blocked with 5% nonfat dry milk in phosphate-buffered saline and then probed with the respective antibodies at 4°C overnight. The membranes were washed with buffer containing phosphate-buffered saline with 0.1% Tween 20 (J. T. Baker, Phillipsburg, NJ) and then exposed to secondary antibody for 1 h at room temperature. Subsequent detection of the specific proteins was carried out by enhanced chemiluminescence (Amersham, Arlington Heights, IL) according to the manufacturer's instructions. Densitometric results were reported as integrated values (area density of band) and expressed as a percentage compared with the mean value in controls (100%). Blots are representative of results obtained from all samples. Densitometry reflects mean and SE of all samples.
Immunohistochemistry. Animal kidneys were fixed with 3% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) by retrograde perfusion via the aorta. Kidney blocks were dehydrated, embedded in paraffin, and cut into 2-m-thick slices and staining was carried out using indirect immunoperoxidase (29) . The slides were scanned and semi quantified using ScanScope positive pixel count software (Aperio Digital Pathology Systems, Vista, CA). We performed densitometric analysis of AQP2 labeling intensity in the inner medulla of rats from three groups. Twelve equal areas in the inner medulla were randomly selected in each slide in blinded ways, and the sum of positive pixel intensity was measured and calculated per square micrometer in each group.
Cell cultures. mpkCCDc14 cells are an immortalized mouse cortical collecting duct cell line, which is derived from microdissected cortical collecting ducts of an SVPK/Tag transgenic mouse. These cells exhibit most of the major functional properties of collecting duct principal cells and natively express AQP2 (1, 11) . Cells were maintained at 37°C and 5% CO2 with modified DM medium. All experiments were performed on confluent cells seeded on permeable filters Fig. 1 . Diagram of the study design. Rats were divided randomly into 3 low-sodium study groups: low-sodium diet only (LS), dDAVP treatment (LSD), combination treatment with dDAVP and AT1a receptor antagonist losartan (LSDL). Rats from the 3 groups received an agar gel diet to provide 25 ml water and 15 g of nominally NaCl-free purified rodent chow with addition of 0.5 meq NaCl/day for a 4-day equilibration. For the LSD group, rats were infused with dDAVP (20 ng/h) of dDAVP for another 2 days. For LSDL rats, both dDAVP (20 ng/h) and losartan (20 mg·kg Ϫ1 ·day Ϫ1 ) were infused for another 2 days. Rats in the LS group were given vehicle infusion alone.
between passages 25 and 35, as described previously (1, 11) . After confluence, cells were exposed to serum-free medium with no growth factors for 24 h before use. Cells were treated with ANG II (10 Ϫ9 M), dDAVP (10 Ϫ10 M), or cotreatment with both ANG II and dDAVP with or without AT1 receptor antagonist losartan (5 ϫ 10 Ϫ6 M) for 16 h. Losartan was added for 30 min before ANG II, dDAVP, or both. Samples were harvested for immunoblot analysis of AQP2 and intracellular cAMP measurement.
Measurement of intracellular cAMP. cAMP was extracted with 150 l of 0.1 N HCl at room temperature for 20 min and was measured by an EIA kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions. Results were expressed in picomoles per milliliter of cell lysate. Each determination was performed in triplicate.
Statistical methods. Multiple group comparisons were performed using a one-way ANOVA with posttest according to Newman-Keuls. Values are means Ϯ SE.
RESULTS

Normal renal function and hemodynamics in rats with lowsodium diet and ANG II AT1 receptor blocker losartan.
In the present study, moderate sodium restriction was used to induce endogenous ANG II but to avoid to compromise renal function. Rats treated with both dDAVP and losartan showed comparable serum creatinine and creatinine clearance (1.1 Ϯ 0.1 in LSDL vs. 1.2 Ϯ 0.1 ml·100 g Ϫ1 ·day Ϫ1 in LSD, P Ͼ 0.05) ( Table 1) . dDAVP increased MAP in rats of the LSD group compared with LS, and losartan reduced MAP in LSDL to the control level. There were no significant changes in RBF among three groups (Table 1) .
AT1 receptor blockade in dDAVP-treated rats was associated with increased urine output and reduced urinary osmolality. Urine output was significantly increased in rats treated with both dDAVP and losartan compared with rats treated with dDAVP alone (2.5 Ϯ 0.2 in LSDL vs. 1.8 Ϯ 0.2 ml·100 g Ϫ1 ·day Ϫ1 in LSD, P Ͻ 0.05). Urinary osmolality was significantly reduced in LSDL compared with LSD rats (2,600 Ϯ 83 in LSDL vs. 3,256 Ϯ 110 mosmol/kgH 2 O in LSD, P Ͻ 0.001) ( Table 1 ), indicating that losartan partly blocked urine concentration induced by dDAVP. Rats treated with dDAVP showed significant hyponatremia, whereas sodium excretion in both LSD and LSDL groups was significantly increased compared with LS ( Table  1) . The comparable hyponatremia in the LSD and LSDL groups despite better urine output and urinary dilution indicated that the LSDL group ingested more water. This would be expected given the lower MAP in the LSDL group (92 Ϯ 4 vs. 113 Ϯ 1 mmHg) which would tend to stimulate thirst.
Losartan cotreatment with dDAVP reduces protein expression and apical labeling of AQP2 in kidney inner medulla, but not in cortex and outer medulla. Semiquantitative immunoblotting of proteins prepared from the kidney inner medulla revealed that AQP2 expression was significantly increased in response to dDAVP treatment (176 Ϯ 10 in LSD vs. 100 Ϯ 6% in LS, P Ͻ 0.001; Fig. 2A ), whereas AQP2 expression was decreased in response to both dDAVP and losartan treatment (146 Ϯ 6 in LSDL vs. 176 Ϯ 10% in LSD, P Ͻ 0.01; Fig. 2A ) compared with LSD. Moreover, inner medullary p-AQP2 expression was significantly increased in response to dDAVP treatment (214 Ϯ 12 in LSD vs. 100 Ϯ 11% in LS, P Ͻ 0.001; Fig. 2B ), but was reduced in response to both dDAVP and losartan treatment (177 Ϯ 13 in LSDL vs. 214 Ϯ 12% in LSD, P Ͻ 0.05; Fig. 2B ) compared with LSD. Thus AT1 receptor blockade in rats treated with dDAVP significantly decreased the dDAVP-induced upregulation of AQP2 and p-AQP2 in the inner medulla.
Immunoperoxidase labeling of AQP2 in the kidney inner medulla was associated with the apical and intracellular domains of inner medullary collecting ducts (Fig. 3, A-C) . Compared with the LS group (Fig. 3A) , strong apical immunoperoxidase labeling of AQP2 was observed in the LSD group (Fig. 3B) , whereas losartan cotreatment reduced the apical labeling of AQP2 (Fig. 3C ). Semiquantitative analysis of AQP2 immunoperoxidase labeling was performed to quantify the apparent changes in AQP2 labeling intensity at the apical and intracellular domains. The sum of total positive pixel intensity in LSD (866 Ϯ 55 pl/m 2 ) was significantly higher than that in LS (617 Ϯ 13 pl/m 2 , P Ͻ 0.001), and losartan treatment decreased the intensity of AQP2 labeling in LSDL (757 Ϯ 17 pl/m 2 ) compared with LSD (P Ͻ 0.05) (Fig. 3D) . In contrast to the changes in AQP2 and p-AQP2 expression seen in the inner medulla between the LSD and LSDL groups, there were no changes in AQP2 and p-AQP2 expression in proteins prepared from the cortex/outer medulla combined. Semiquantitative immunoblotting of proteins prepared from the cortex and outer medulla (combined) revealed that AQP2 expression was similarly high in both the LSD (173 Ϯ 9 vs. 
Body wt, g 227 Ϯ 8 234 Ϯ 10 228 Ϯ 7 Mean blood pressure, mmHg 101 Ϯ 5 (n ϭ 6) 113 Ϯ 1.1 a (n ϭ 6) 92 Ϯ 4 e (n ϭ 6) Renal blood flow, ml/min 5.1 Ϯ 0.5 (n ϭ 6) 6.8 Ϯ 0.5 (n ϭ 6) 6.3 Ϯ 0.5 (n ϭ 6) Urine output, ml ⅐ 100 g Ϫ1 ⅐ 24 h Values are means Ϯ SE. n, No. of rats; U-Osm and S-Osm, urine and serum osmolality, respectively; S-Na and S-creatinine, serum Na and serum creatinine, respectively; C-cr, creatinine clearance; UNaV, urine Na excretion; FENa, fractional excretion of Na. Low-sodium diet group (LS) was fed a base diet with low Na and added agar (0.6%) and deionized water, 25 ml/15 g of rat chow (200 g/g body wt); 0.5 meq/day of NaCl was added per 15 g of rat chow for 6 days. dDAVP (20 ng/h; LSD) and losartan (20 mg/kg/day; LSDL) were infused from day 4 to day 6.
a,b,c P Ͻ 0.05, P Ͻ 0.01, P Ͻ 0.001 compared with LS, respectively. d,e,f P Ͻ 0.05, P Ͻ 0.01, P Ͻ 0.001, compared with LSD, respectively. 100 Ϯ 7% in LS, P Ͻ 0.001) and LSDL groups (165 Ϯ 10 vs. 100 Ϯ 7% in LS, P Ͻ 0.001) compared with the LS group, respectively (see Fig. 5A ). Moreover, the expression of p-AQP2 in the cortex and outer medulla was also increased to the same extent in both the LSD (209 Ϯ 12 vs. 100 Ϯ 6% in controls, P Ͻ 0.001) and LSDL groups (199 Ϯ 16 vs. 100 Ϯ 6% in controls, P Ͻ 0.001) compared with the LS group, respectively.
Losartan cotreatment decreases expression of AQP3 in kidney inner medulla, but not in the cortex and outer medulla.
Semiquantitative immunoblotting of proteins prepared from the kidney inner medulla revealed that AQP3 expression was significantly increased in response to dDAVP treatment (177 Ϯ 11 in LSD vs. 100 Ϯ 10% in LS, P Ͻ 0.001; Fig. 4A ), whereas AQP3 expression was decreased in response to both dDAVP and losartan treatment (134 Ϯ 14 in LSDL vs. 177 Ϯ 11% in Fig. 3 . Immunoperoxidase microscopy of AQP2 in the inner medulla. AQP2 labeling is present at the apical and intracellular domains of the inner medullary collecting duct cells in LS (A), LSD (B), and LSDL rats (C). Strong apical immunoperoxidase labeling of AQP2 is observed in response to dDAVP treatment in the LSD group, whereas losartan cotreatment reduces the labeling of AQP2 in dDAVP-treated rats in the LSD group. Semiquantitative analysis of AQP2 immunoperoxidase labeling showed that the sum of total positive pixel intensity in LSD was significantly higher than that in LS, whereas losartan treatment decreased the intensity of AQP2 labeling in LSDL compared with LSD (D). Fig. 2 . Semiquantitative immunoblotting of proteins prepared from the inner medulla. A: immunoblot is reacted with anti-aquaporin-2 (AQP2) and reveals 29-and 35-to 50-kDa AQP2 bands. Densitometric analysis reveals that the expression of inner medullary AQP2 is significantly increased in response to dDAVP treatment in the LSD group compared with control rats (LS), whereas AQP2 expression is significantly reduced in response to cotreatment of dDAVP and losartan in the LSDL group compared with LSD rats. B: immunoblot is reacted with anti-p-AQP2 (phosphorylated in the PKAphosphorylation consensus site Ser-256) and reveals 29-and 35-to 50-kDa p-AQP2 bands. Densitometric analysis reveals that expression of inner medullary p-AQP2 is significantly increased in response to dDAVP treatment in the LSD group compared with LS rats, whereas p-AQP2 expression is significantly decreased in response to the cotreatment of dDAVP and losartan in the LSDL group compared with LSD rats.
LSD, P Ͻ 0.05; Fig. 4A ) compared with dDAVP treatment alone. In the cortex/outer medulla, AQP3 expression was unchanged in both the LSD and LSDL groups (173 Ϯ 25 in LSD vs. 195 Ϯ 39% in LSDL, P Ͼ 0.05), although they were both significantly higher than the LS group (100 Ϯ 10% in LS, P Ͻ 0.001, respectively) (Fig. 5A) .
Unchanged expression of AQP1 protein in kidney inner medulla and in the cortex and outer medulla. In contrast to increased expression of AQP2 and AQP3, semiquantitative immunoblotting of proteins prepared from the kidney inner medulla revealed unchanged AQP1 expression in response to either dDAVP treatment alone (86 Ϯ 8 in LSD vs. 100 Ϯ 7% in LS, P Ͼ 0.05; Fig. 4B ) or cotreatment of dDAVP and losartan (90 Ϯ 13 in LSDL vs. 100 Ϯ 7% in LS, P Ͼ 0.05; Fig.  4B ) compared with LS. There was no difference in AQP1 expression between LSD and LSDL (P Ͼ 0.05). In the cortex/ outer medulla, there was no significant difference in AQP1 expression among LS (100 Ϯ 17%), LSD (85 Ϯ 9%) and LSDL (84 Ϯ 11%) groups (P Ͼ 0.05, respectively; Fig. 5C ).
Losartan blocked increased AQP2 expression induced by dDAVP and ANG II cotreatment in mpkCCD c14 cells. Treatment with 10
Ϫ9 M ANG II or 10 Ϫ10 M dDAVP significantly increased AQP2 expression to 152 Ϯ 3 (P Ͻ 0.001, Fig. 6A ) and 259 Ϯ 11% (P Ͻ 0.001, Fig. 6B ) of vehicle-treated control levels (100 Ϯ 2%), respectively. Losartan (5 ϫ 10 Ϫ6 M) significantly reversed increased AQP2 expression induced by ANG II treatment (99 Ϯ 1%, P Ͻ 0.001; Fig. 6A ) compared with ANG II treatment alone. Cotreatment with dDAVP and ANG II significantly increased AQP2 expression to 309 Ϯ 12% (Fig. 6B) , which was higher than dDAVP (P Ͻ 0.05) treatment alone. The increased expression of AQP2 by cotreatment of dDAVP and ANG II was significantly attenuated by losartan from 309 Ϯ 12 to 196 Ϯ 22% (P Ͻ 0.001, Fig. 6B ), but still significantly higher than control levels (P Ͻ 0.001), Fig. 4 . Semiquantitative immunoblotting of proteins prepared from the inner medulla. A: immunoblot is reacted with anti-AQP3 antibody. Densitometric analysis reveals that the expression of inner medullary AQP3 is significantly increased in response to dDAVP treatment in the LSD group compared with control rats (LS), whereas AQP3 expression is significantly reduced in response to cotreatment of dDAVP and losartan in the LSDL group compared with LSD rats. B: immunoblot is reacted with anti-AQP1 antibody. Densitometric analysis reveals that expression of inner medullary AQP1 is unchanged in response to either dDAVP treatment alone or cotreatment of dDAVP and losartan compared with LS. Fig. 5 . Semiquantitative immunoblotting of proteins prepared from the cortex and outer medulla. Immunoblots are reacted with anti-AQP2 (A), anti-AQP3 (B) and anti-AQP1 (C) antibodies. Densitometric analysis reveals that the expression of cortical and outer medullary AQP2 and AQP3 is significantly increased in response to dDAVP treatment in the LSD and LSDL groups compared with control rats (LS), there is no significant difference in AQP2 and AQP3 expression between the LSD and LSDL groups. Densitometric analysis reveals unchanged expression of cortical and outer medullary AQP1 in response to either dDAVP treatment alone or cotreatment of dDAVP and losartan compared with LS.
suggesting an additive effect of dDAVP and ANG II on AQP2 expression.
To examine whether the enhanced AQP2 expression in response to dDAVP or ANG II or dDAVPϩANG II was associated with an increase in cAMP production, we measured cAMP levels in mpkCCD c14 cells. cAMP levels were increased in response to ANG II treatment (Fig. 7A , P Ͻ 0.05), whereas dDAVP treatment alone significantly increased cAMP levels compared with control levels (P Ͻ 0.05, Fig. 7B) . Importantly, the cAMP increase after dDAVP was potentiated by dDAVPϩANG II (Fig. 7B) , suggesting an additive effect. The additive effect of dDAVPϩANG II on cAMP levels was attenuated by losartan (Fig. 7B) . These results support the interaction between vasopressin and ANG II in AQP2 protein expression and the involvement of cAMP signaling.
Unchanged expression of Na-K-ATPase and NKCC2 protein in the kidney. Semiquantitative immunoblotting of proteins prepared from the kidney cortex revealed unchanged expression of the ␣ 1 -subunit of Na-K-ATPase in response to either dDAVP treatment alone (113 Ϯ 6 in LSD vs. 100 Ϯ 10% in LS, P Ͼ 0.05; Fig. 8A ) or cotreatment with dDAVP and losartan (114 Ϯ 10 in LSDL vs. 100 Ϯ 10% in LS, P Ͼ 0.05; Fig. 8A ) compared with LS. There was no difference of ␣ 1 -subunit of Na-K-ATPase expression between the LSD and LSDL groups (P Ͼ 0.05, Fig. 8A ). In the inner medulla, there also was no significant difference in ␣ 1 -subunit Na-K-ATPase expression among the LS (100 Ϯ 4%), LSD (101 Ϯ 10%), and LSDL (88 Ϯ 7%) groups (P Ͼ 0.05, respectively) (Fig. 8B) . The expression of the ␥-subunit of Na-K-ATPase was examined by immunoblotting, and no changes were found among groups in either the cortex (100 Ϯ 9% in LS, 99 Ϯ 12% in LSD, and 110 Ϯ 13% in LSDL, P Ͼ 0.05, respectively) or inner medulla (100 Ϯ 6% in LS, 120 Ϯ 20% in LSD, and 113 Ϯ 18% in LSDL, P Ͼ 0.05, respectively). There were no differences in protein abundance of NKCC2 in the cortex and outer medulla among groups (100 Ϯ 11% in LS, 117 Ϯ 15% in LSD and 99 Ϯ 14% in LSDL, P Ͼ 0.05, respectively).
DISCUSSION
An in vivo molecular interaction has been proposed between AVP and ANG II in the AQP2 water channels and urinary concentration (16) . This is an important observation, because many common clinical circumstances are associated with increases in circulating AVP and ANG II as the nonosmotic AVP and renin-angiotensin-aldosterone systems are activated during arterial underfilling (22, 23) . The previous in vivo studies proposing an interaction between AVP and ANG II were performed in severe NaCl-restricted rats with and without AT1 receptor blockade. The results demonstrated a significant increase in urine flow and decrease in urinary osmolality in animals receiving maximal doses of dDAVP (16) . This vasopressin-resistant urinary concentrating defect was associated with a decrease in AQP1, AQP2, AQP3, type 3 Na ϩ /H ϩ exchanger, Na-Cl cotransporter, and Na-K-ATPase (16) . With the AT1 receptor blocker, however, there was an acute deterioration in renal function associated with a significant decrease in creatinine clearance from a mean of 1.35 to 0.75 ml/min accompanied by significant rises in serum creatinine (mean ϳ0.28 to 0.51 mg/dl) and plasma urea (mean 5.3 to 40 mg/dl) (16) . These effects of acute deterioration of renal function are quite important in delineation of an in vivo molecular interaction between AVP and ANG II, since acute ischemic kidney injury in the rat has been shown to decrease AVP-regulated collecting duct AQP2 and AQP3 protein expression as well as AVP-independent AQP1 in the more proximal nephron (15) . Moreover, acute ischemic renal failure (ARF) was associated with a downregulation of Na-K-ATPase in the thick ascending limb (9), a nephron site of action of both AVP (14, 26) and ANG II (2, 21) .
To further study the potential of in vivo molecular interaction between AVP and ANG II, a less severe NaCl-restricted rat model was developed in which AT1 receptor blockade was not associated with ARF. Compatible with increased endogenous ANG II, administration of the AT1 receptor antagonist in this NaCl-restricted model increased fractional excretion of sodium. Of importance, there was no significant change in renal blood flow, serum creatinine, or creatinine clearance (see Table 1 ). Thus this rat model allowed the in vivo examination of the interaction AVP and ANG II in the absence of ARF but in the presence of maximal exogenous AVP. Inhibition of the angiotensin AT1 receptor demonstrated a significant increase in urine flow and decrease in urine osmolality. This AVPresistant effect thus indicated a role of ANG II in maximal urinary concentration and was associated with a decrease in both AQP2 and AQP3 protein expression and AQP2 trafficking to the apical membrane of the collecting duct principal cells. This effect on AQP2 trafficking is compatible with the observed downregulation of p-AQP2. The effect of AT1 inhibition on AQP2 and AQP3 protein expressions was only demonstrable in the inner medulla not in the cortex or outer medulla. This finding may suggest that the degree of hypertonicity may be involved in the interaction of AVP and ANG II in both AQP2 and AQP3 expression.
There was further evidence for separation of results between AVP-ANG II interaction and ARF in the present study. In contrast to the more severe NaCl-restricted model (16) , downregulation of AQP1 and Na-K-ATPase was not observed in the current model, which had no renal impairment. These findings support the importance of ARF in downregulating water channels and ion transporters, as previously reported (6, 9, 10, 15) . However, in concert with the earlier conclusion (16) , the results of the present in vivo study support the molecular interaction between AVP and ANG II in AQP2, pAQP2, and AQP3 protein expression, as well as AQP2 trafficking in the inner medulla. The combination of this interaction between AVP and ANG II with ARF in the earlier study (16) obviously affords a more severe AVP-resistant urinary concentration defect during AT1 blockade.
To further study the molecular interaction between AVP and ANG II, in vitro studies were examined in the immortalized mouse cortical collecting duct cell line mpkCCD c14 . These cells have the major functional properties of collecting duct cells, including expression of AQP2 water channels. These in vitro results clearly demonstrate the effect of ANG II to upregulate AQP2 expression in the absence of AVP. AVP alone upregulated AQP2 to a greater extent than ANG II; however, the combination of AVP and ANG II demonstrated the most profound increase in AQP2. These effects were paralleled by changes in cAMP and were reversible with the specific AT1 receptor antagonists.
Thus the present in vivo and in vitro results support the interaction between AVP and ANG II in inner medullary water channels as determinants of urinary concentration. These findings have important clinical relevance since in all states of arterial underfilling, e.g., cardiac failure, cirrhosis, and pregnancy, circulating AVP and ANG II are increased.
